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ABSTRACT

In a previous study, the seasonal prevalence was reported for stx1 Escherichia coli O157:H7 in feces and on hides and
carcasses of cattle at processing. Overall, 1,697 O157:H7 isolates have now been characterized for the incidence of (i) eaeO157,
hlyA, stx1, and stx2 in the recovered isolates and (ii) presumptive rough and presumptive nonmotile isolates. Seven O157:H7
isolates (0.4%) lacked stx genes, although they carried eae and hlyA. All but one of the isolates carried both eae and hlyA.
Approximately two-thirds of the isolates (64% when one isolate per sample was considered) carried both stx1 and stx2. E. coli
O157:H7 cells that harbored both stx1 and stx2 were more often recovered from hides in the fall (79% of the fall hide isolates)
and winter (84% of the winter hide isolates) than in the spring (53%) and summer (59%). Isolates recovered from preevis-
ceration carcasses showed a similar but not statistically signi� cant trend. Twenty-three of the 25 O157:H7 isolates carrying
stx1 but not stx2 were recovered during summer. Fifteen presumptive rough and 117 presumptive nonmotile stx1 O157:H7
isolates were recovered. Ten (67%) of the presumptive rough isolates were recovered during summer. Ninety-� ve of the
presumptive nonmotile isolates (81%) were recovered during fall. Forty-eight percent of the false-positive isolates (175 of
363) tentatively identi� ed as O157:H7 were O1571 H72 and lacked eaeO157, hlyA, and stx. These data suggest that in beef
processing samples (i) there are minor seasonal variations in the prevalence of stx genes among E. coli O157:H7 isolates, (ii)
presumptive rough and presumptive nonmotile stx1 O157:H7 isolates are present, (iii) E. coli O157:H7 isolates lacking stx
genes may be rare, and (iv) O1571 H72 isolates lacking stx genes can result in many false-positive results.

Escherichia coli O157:H7 is an enteric pathogen that
can cause diseases ranging from mild diarrhea to hemolytic
uremic syndrome, kidney failure, and death (for reviews,
see (17, 21)). The Shiga toxins, Stx1 and Stx2, are consid-
ered to be the primary E. coli O157:H7 virulence factors,
and the cells may harbor genes that express one or both of
these toxins. However, the Shiga toxins alone may not be
suf� cient to cause disease. Additional known virulence fac-
tors include intimin and enterohemolysin, products of the
eae and hlyA genes, respectively. Other virulence factors
also may be involved.

E. coli O157:H7 has been declared by the U.S. Food
Safety and Inspection Service to be an adulterant in ground
beef and nonintact beef products (2). Cattle are considered
to be the primary reservoir of E. coli O157:H7 that is as-
sociated with human disease (8). Previously, we examined
the seasonal prevalence of E. coli O157:H7 in feces and on
hides and carcasses at beef processing plants (4). As with
disease cases (8), the prevalence of E. coli O157:H7 was
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high during warmer months and low during winter. The
present study was conducted to examine the prevalence of
stx1, stx2, or both in the E. coli O157:H7 isolates. In ad-
dition, the prevalence of E. coli O157:H7 isolates lacking
stx genes and presumptive rough or nonmotile isolates is
reported. Finally, some false-positive isolates, which ini-
tially had been identi� ed incorrectly as O157:H7, also are
described.

MATERIALS AND METHODS

Previously, we studied the prevalence of stx1 E. coli O157:
H7 in large Midwestern beef processing plants over four seasons
(4). Samples were collected from hides, feces, and preevisceration
and postintervention (in the cooler) carcasses. During that study,
colonies initially were screened using DrySpot O157 latex re-
agents (Oxoid, Ogdensburg, N.Y.). Up to three presumptiveE. coli
O157:H7 isolates were recovered and characterized per sample,
as described elsewhere (4). In brief, isolates were � rst screened
by indirect enzyme-linked immunosorbent assay (ELISA) for the
expression of the O157 and H7 antigens. Then, at least one isolate
per sample (see below) was (i) subjected to multiplex PCR, as
described by Paton and Paton (24) to detect stx1, stx2, eaeO157,
and hlyA; (ii) con� rmed to be E. coli by biochemical analyses;
and (iii) tested for sorbitol fermentation on sorbitol MacConkey
agar (Difco, Becton Dickinson, Sparks, Md.) supplemented with
ce� xime and potassium tellurite (Dynal, Lake Success, N.Y.). A
total of 3,277 potential E. coli O157:H7 isolates were recovered,
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TABLE 1. Sample site and stx genotype of all stx1 E. coli O157:H7 isolates by phenotype

Sample site and
stx genotype

No. of isolates by phenotype (%)a

O1571 H71b
Presumptive

roughc
Presumptive
nonmotiled

Total stx1

O157:H7e

Feces

stx1
1

stx2
1

stx1
1 stx2

1

Total

0 (0)
50 (50)
51 (50)

101

0
0
0
0

0 (0)
0 (0)
1 (100)
1

0
50 (49)
52 (51)

102

Hide

stx1
1

stx2
1

stx1
1 stx2

1

Total

9 (0.9)
302 (30)
696 (69)

1,007

0 (0)
9 (100)
0 (0)
9

12 (14)
13 (15)
59 (70)
84

21 (1.9)
324 (29)
755 (69)

1,100

Preevisceration carcass

stx1
1

stx2
1

stx1
1 stx2

1

Total

2 (0.5)
172 (40)
255 (59)
429

0 (0)
6 (100)
0 (0)
6

2 (6.2)
14 (44)
16 (50)
32

4 (0.9)
192 (41)
271 (58)
467

Postintervention carcass

stx1
1

stx2
1

stx1
1 stx2

1

Total

0 (0)
7 (33)

14 (67)
21

0
0
0
0

0
0
0
0

0 (0)
7 (33)

14 (67)
21

All

stx1
1

stx2
1

stx1
1 stx2

1

Total

11 (0.7)
531 (34)

1,016 (65)
1,558

0 (0)
15 (100)
0 (0)

15

14 (12)
27 (23)
76 (65)

117

25 (1.5)
573 (34)

1,092 (65)
1,690

a The percentage of a given genotype among isolates from a speci� ed sample site is indicated in parentheses.
b All isolates that were both O1571 and H71 by ELISA, including up to three isolates from each positive fall sample.
c All isolates that were O1571 and H71 by ELISA, stx1, and carried the rfbEO157 and � iCH7 genes.
d All isolates that were O1571 and H72 by ELISA, stx1, and carried the rfbEO157 and � iCH7 genes.
e All isolates considered positive for O157:H7 and carrying at least one stx gene, including presumptive rough and nonmotile isolates.

and 1,208 samples were identi� ed as positive for stx-containing
E. coli O157:H7.

One O1571 H71 isolate per sample was arbitrarily selected
as the ‘‘primary’’ isolate for complete characterization. Also, be-
cause of concerns that the relative prevalence of the different ge-
notypes might be misrepresented by choosing only one isolate per
sample, PCR data were collected for all isolates recovered in one
sampling period (fall). If an O1571 H71 isolate did not appear to
harbor an stx gene on the basis of the initial multiplex PCR result,
it was subjected to an alternative multiplex PCR that detected stx1,
stx2, rfbEO157, � iCH7, and eaeO157 (18); all available additional
isolates from the same sample were also analyzed. In addition, all
isolates that were ELISA-positive for only the H7 antigen (O1572

H71) or only the O157 antigen (O1571 H72) were retested and
subjected to both multiplex PCR assays (18, 24). The O1572 H71

isolates were considered to be presumptive rough O157:H7 strains
when rfbEO157, � iCH7, and at least one stx gene were detected by
PCR. The O1571 H72 isolates were considered to be presumptive
nonmotile O157:H7 strains when � iCH7, rfbEO157, and at least one
stx gene were detected by PCR. The remaining O1571 H71 iso-
lates, a total of 1,224, were not fully characterized.Statistical anal-
yses were performed as described elsewhere (4).

RESULTS AND DISCUSSION

Recently, we reported the seasonal prevalence of stx1

E. coli O157:H7 at three large Midwestern beef processing
plants (4). A total of 1,690 stx1 E. coli O157:H7 isolates
from these samples now have been completely character-
ized, including at least one isolate per positive sample, all
isolates recovered during fall, and all presumptive rough
and nonmotile isolates (Table 1). All of the fully charac-
terized positive isolates were sorbitol nonfermenting and
harbored both eae and hlyA, with the exception of one
strain lacking hlyA that was found by examining all of the
fall isolates.

The stx genotypes of one positive isolate per sample
are summarized in Table 2. Most of these primary isolates
were both O1571 and H71 according to the ELISA results.
However, the only available isolates from some samples did
not express one of these antigens. For those samples, the
selected isolate was positive by PCR for rfbEO157, � iCH7,
and at least one stx gene. Therefore, 7 of the presumptive
rough isolates and 30 of the presumptive nonmotile isolates
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TABLE 2. Sample site and stx genotype of primary stx1 E. coli O157:H7 isolates by season

Sample site and
stx genotype

No. of primary isolates (%)a

Spring Summer Fall Winter Total

Feces

stx1
1

stx2
1

stx1
1 stx2

1

0 (0)b

3 (27) Ac

8 (73) A

0 (0)
19 (51) A

18 (49) A

0 (0)
12 (57) A

9 (43) A

0 (0)
0 (0) A

1 (100) A

0 (0)
34 (49)
36 (51)

Total 11 37 21 1 70

Hide

stx1
1

stx2
1

stx1
1 stx2

1

0 (0)
106 (47) A

119 (53) A

7 (3.0)
90 (38) A

139 (59) A

0 (0)
47 (21) B

176 (79) B

1 (1.0)
15 (16) B

81 (84) B

8 (1.0)
258 (33)
515 (66)

Total 225 236 223 97 781

Preevisceration carcass

stx1
1

stx2
1

stx1
1 stx2

1

0 (0)
55 (47) AB

63 (53) AB

3 (2.3)
61 (47) A

66 (51) A

0 (0)
28 (31) B

62 (69) B

0 (0)
1 (25) AB

3 (75) AB

3 (0.9)
145 (42)
194 (57)

Total 118 130 90 4 342

Postintervention carcass

stx1
1

stx2
1

stx1
1 stx2

1

0 (0)
1 (11)b

8 (89)b

0 (0)
0 (0)
3 (100)

0 (0)
2 (67)
1 (33)

0 (0)
0 (0)
0 (0)

0 (0)
3 (20)

12 (80)

Total 9 3 3 0 15

All

stx1
1

stx2
1

stx1
1 stx2

1

0 (0)
150 (41) A

213 (59) A

10 (2.4)
170 (42) A

226 (56) A

0 (0)
89 (26) B

248 (74) B

1 (1.0)
16 (16) B

85 (83) B

11 (0.9)
425 (35)
772 (64)

Total 363 406 337 102 1,208

a One isolate per positive sample is included. The percentage of a given genotype among isolates from a speci� ed sample site is indicated
in parentheses.

b Statistical analyses were not performed for stx1
1 isolates and postintervention isolates because of the low number of isolates in each

group.
c Within a row, values for an organism with the same letter are not signi� cantly different (P . 0.05).

(see below) were included in Table 2. Overall, the majority
of the primary isolates harbored both stx1 and stx2 (Figure
1A, lane 2). In comparison, the relative genotype propor-
tions for the fall isolates did not change signi� cantly when
all 791 of the isolates (up to 3 isolates each from 337 sam-
ples) were analyzed (data not shown; P . 0.05; also see
Table 1). Other studies have reported similar proportions of
stx1

1, stx2
1, and stx1

1 stx2
1 genotypes in E. coli O157:H7

cells isolated from cattle (11, 12, 23, 25) and human clinical
cases (17, 22, 23). For example, among 343 E. coli O157:
H7 isolates recovered from beef processing sites, Elder et
al. (11) found that 1.4, 41.2, and 57.4% carried stx1, stx2,
and both stx1 and stx2, respectively. Ostroff et al. (22) ex-
amined isolates from 93 human clinical cases and found
that 3% carried stx1, 20% carried stx2, and 76% carried both
stx1 and stx2.

When one isolate per sample was considered, the pro-
portion of E. coli O157:H7 isolates harboring both stx1 and
stx2 was higher on hides during fall and winter than during
spring and summer (P . 0.05; Table 2). The inverse was
true for stx2

1 cells. A similar trend was evident for isolates
from preevisceration carcasses, but the number of isolates

recovered during winter was too low for adequate compar-
ison. These small differences are not likely to be biologi-
cally relevant and suggest that seasonal variations have only
minor effects on carriage rates of stx2 only or stx1 and stx2

together. Twenty-three of 25 stx1
1 strains (lacking stx2; e.g.,

Fig. 1A, lane 1) were from 21 cattle and carcasses sampled
from 10 lots during summer (data not shown). Fourteen of
the stx1

1 isolates were presumed to be nonmotile (see be-
low; Fig. 1A, lane 4). The low prevalence of stx1

1 among
E. coli O157:H7 isolates differs from the 47% prevalence
of stx1

1 isolates among non-O157 Shiga toxin–producing
E. coli (STEC) recovered from beef carcass samples (3). It
has been suggested that cells that carry stx1 are less virulent
than those that carry either stx2 or both types of stx genes
(6, 9, 10, 22, 30). The signi� cantly higher prevalence of
stx2

1 and both stx1
1 stx2

1 genotypes among O157:H7
strains, compared with non-O157 STEC, suggests that a
larger percentage of O157:H7 strains may be more highly
virulent, which may, in turn, contribute to the higher pro-
portion of O157:H7 strains associated with disease in the
United States.
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FIGURE 1. Representative results of multiplex PCR assay for
stx1, stx2, rfbEO157, � iCH7, and eae (18). (A) Lane 1, O1571 H71

strain 712HR1 (stx1
1 rfbEO157

1 eae1 � iCH7
1); lane 2, O1571 H71

strain 712FR1 (stx1
1 rfbEO157

1 eae1 stx2
1 � iCH7

1); lane 3, O1571

H71 strain 756AC1 (rfbEO157
1 eae1 stx2

1 � iCH7
1); lane 4, pre-

sumptive nonmotile O1571 strain 955HR1 (stx1
1 rfbEO157

1 eae1

� iCH7
1); lane 5, presumptive nonmotile O1571 strain 946HC1

(rfbEO157
1 eae1 stx2

1 � iCH7
1); lane 6, presumptive nonmotile

O1571 strain 946HR3 (stx1
1 rfbEO157

1 eae1 stx2
1 � iCH7

1); lanes
7 through 13, O1571 H71 strains lacking stx (rfbEO157

1 eae1

� iCH7
1); lane 14, O1571 H72 strain 909FR1 (rfbEO157

1); and
lane 15, O1572 H72 strain 738HR3 (� iCH7-like

1). (B) Lanes 1
through 15, presumptive rough strains (rfbEO157

1 eae1 stx2
1

� iCH7
1). Strain 161EHC1 (lane 12) appears to have lost the stx2

gene.

TABLE 3. Sample site and phenotype of all negative isolates
originally presumed to be stx1 E. coli O157:H7a

Sample type

No. of isolates by ELISA-based phenotype
and relevant genotype

O1572

H71

(rfbE not
O157)b

O1571

H72

(� iC not
H7)b

O1572

H72

O1571

H71,
no stxd Total

Feces
Hide
Preevisceration carcass
Postintervention carcass

0
4
3
0

94
19
55
7

10
97
67
0

1
0
6
0

105
120
131

7

Total 7 175 174 7 363

a A total of 3,277 isolates were recovered; 1,690 isolates were
determined to be stx1 E. coli O157:H7, and 1,224 O1571 H71

isolates were not fully characterized.
b These isolates did not carry stx, eae, or hlyA genes.
c The genotype of these isolates was not determined.
d These isolates did carry eaeO157 and hlyA.

O1571 H7 1 isolates lacking stx. The seven O1571

H71 isolates that lacked stx (Fig. 1A, lanes 7 through 13
and Table 3) were the only ones recovered from three sam-
ples, one fecal and two preevisceration carcass samples,
acquired during summer. These isolates may have sponta-
neously lost the stx genes (13). For example, a presumptive
rough strain appears to have lost the stx2 gene during rou-
tine culture and storage at 2708C (Fig. 1B, lane 12 and
data not shown). It is possible that the prevalence of stx-
lacking isolates has been underestimated, because not all of
the O1571 H71 isolates recovered during spring, summer,
and winter were tested for stx genes. However, no E. coli
O157:H7 isolates lacking stx were found among all of the
fall isolates, which suggests that these strains may be rare.
E. coli O157:H7 isolates lacking stx have been recovered
from clinical and cattle fecal samples (13, 26, 28, 31). Al-
though the Shiga toxins are considered to be the primary
virulence factors of STEC (21), it has been suggested that
O157:H7/H2 strains do not require stx genes to cause dis-
ease (1, 28). For example, some isolates may express an
alternative virulence factor(s), such as cytolethal distending
toxin (19).

O1572 H7 1 isolates. Twenty-two O1572 H71 isolates
were identi� ed on the basis of ELISA, despite colony
screening with DrySpot E. coli O157 latex reagents. Fifteen
of these isolates did not ferment sorbitol on ctSMAC agar
and carried the rfbEO157 gene in addition to � iCH7, stx2,
eaeO157, and hlyA (Fig. 1B, lanes 1 through 15). Therefore,
they were considered to be presumptive rough stx1 E. coli

O157:H7 (Table 1). However, further analyses are neces-
sary to con� rm the absence of O antigen (15). Positive
DrySpot reactions were obtained using pure cultures of
these isolates, and 14 of them also produced a weak posi-
tive band on ImmunoCard STAT! E. coli O157 devices
(Meridian Bioscience, Inc., Cincinnati, Ohio). The apparent
discrepancy in DrySpot, ImmunoCard, and ELISA results
may re� ect differences in antibody speci� city (15). These
15 isolates were recovered from three preevisceration car-
casses and seven hides from cattle in six lots sampled over
one summer and one winter plant visit. Other rough stx1

O157:H7 isolates have been recovered from beef and hu-
man clinical cases in other countries (15, 32), which sug-
gests that they can survive processing and cause disease.

The remaining seven E. coli isolates classi� ed as
O1572 H71 fermented sorbitol (recovered from ntRainbow
agar) and initially appeared to carry the � iCH7 gene but not
rfbEO157, stx1, stx2, eaeO157, or hlyA (e.g., Fig. 1A, lane 15
and Table 3). A supplementary PCR–restriction-fragment
length polymorphism analysis revealed that the � iC gene in
these strains was similar, but not identical, to the � iCH7

gene of E. coli O157:H7 (data not shown (16)). When pure
cultures were tested, four of these isolates were DrySpot E.
coli O1571, and one agglutinated both the test and the con-
trol latex. These observations illustrate some of the possi-
bilities surrounding false-positives, including the O1572

H72 (ELISA-based) isolates (Table 3). Isolates may be mis-
identi� ed because of cross-reactivity with the detection an-
tibodies, false reactions from sampling crowded growth on
the plates (29), or a lack of attention to controls. However,
overall DrySpot screening has been shown to be ;90%
accurate for isolates from these samples (4).

O1571 H72 isolates. Altogether, 292 E. coli O1571

H72 isolates were recovered on the basis of ELISA reac-
tivity. These isolates were not passaged in semisolid media
to enhance motility. All of these isolates were tested for the
presence of the � iCH7 gene, in addition to rfbEO157, stx,
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eaeO157, and hlyA. Of these, 117 were genetically O157:H7
(positive for rfbEO157 and � iCH7), sorbitol nonfermenting,
and positive for at least one stx gene, eae, and hlyA (e.g.,
Fig. 1A, lanes 4 through 6). These 117 isolates therefore
were considered to be presumptive nonmotile stx1 E. coli
O157:H7. The majority (65%) carried both stx1 and stx2

genes. To the best of our knowledge, these presumably non-
motile isolates are capable of causing disease (7, 14, 16,
20).

The remaining 175 E. coli O1571 H72 isolates did not
carry � iCH7, eaeO157, or hlyA (e.g., Fig. 1A, lane 14 and
Table 3). These strains also did not possess either stx gene
and therefore could not be considered STEC or enterohem-
orrhagic E. coli. They formed colonies on ntRainbow agar
that looked similar to those of O157:H7 isolates but fer-
mented sorbitol on ctSMAC agar. Many of them appeared
unusually large when grown to the midlog phase in tryptic
soy broth without glucose (Difco) and examined by phase-
contrast microscopy for motility (data not shown). Sorbitol-
fermenting stx1 and stx-lacking E. coli O157:H7/H2 strains
have been isolated from disease outbreaks and cattle in Ger-
many and elsewhere (5, 19, 27, 28). The disease-associated
strains lacking stx appear to have alternative virulence fac-
tors and are likely to be enteropathogenic E. coli (27). Tests
for alternative virulence factors were not performed, be-
cause stx1 E. coli O157:H7 cells were targeted.

The O1571 H72 isolates lacking stx caused a number
of samples to be incorrectly identi� ed as positive, because
they reacted with DrySpot E. coli O157 screening tests. For
example, 20% of the preevisceration carcasses sampled dur-
ing one spring plant visit were identi� ed incorrectly as pos-
itive because of these strains. With experience, it was noted
that these nontarget strains formed whiter colonies on
ntRainbow than O157:H7 strains. Thus, these isolates were
increasingly excluded during the selection process. As a
consequence, the majority of them (115 of 175) were re-
covered during the � rst (spring) sampling season. However,
the phenotypic difference in the colonies is subtle, and even
experienced laboratory personnel were not always able to
correctly exclude these isolates. This group of isolates con-
stituted just under one-half (48%) of the false-positive iso-
lates recovered (Table 3). Therefore, these strains present a
signi� cant potential problem, particularly for inexperienced
personnel, in situations where false-positives cannot be tol-
erated. The data suggest that, in those situations, complete
analyses are critical before any conclusions can be drawn.
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